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SUMMARY

The latex of Euphorbia 1athyris.cah'ut11ize acetate, byruvate
and meva]onéte for triterpene synthesis in vitro. Acetyi—CoA,'HMG,
HMG-CoA and’IPP were not effective as prgcufsors for triterbene bio- -
synthesis.‘Acetat- is utilized only by the terpenoid péthway and byv
the tricarboxy]{c (TCA) cycle; it is not used for fatty acid synthesis

in this system. However,’phoSpholipids»were found to be efficient acyl

" donors for triterpene ester synthesis. The observed selectivity of pre-

cursor utilization as well as the observed rates for product formation

indicate separate sites for triterpenol and triterpene ester synthesis

and that one is not precursor for the other.



INTRODUCTION

Triterpenoids are the major constituents of many Euphorbia la-
texes [1]. These secondary metabolites can be stored in'the latex as .
triterpenols or in the esterified tfform as acetates or fatty acid esters.
As much as 50% of the latex dry weight can be composed of tritefpenoids
and their derivatives. In addition to terpenoids, latexes may contain
po]yisoprenes, protein, phospho]ipids and inorganics.

Thé role of the latex and the specialized laticifer cell in
isoprenoid synthesis is still obscure.. The theory that the latex serves
as storage for compounds which the plant does not utilize has often been
proposed. Howevef, savaral of the triterpenoids stored in Euphorbia
lataxes are apparsntiy not metabolic end products; specifically the con-
version of cycioartensi (a common latex sterol) to phytosterols has been
demonstrated in a number of higher plants [2].

Latex can te used as an enzyme system for terpenoid biosynthesis
in vitro. Early wérk by Ponsinet and Ourisson has shown that both ace-
tate and mevalonate are utilized for terpenoid biosynthesis in several
Euphorbia latexes in vitro [3,4]. Bisboer and Mahlberg reported on the
incorporation of mevalonate into the latex sterols of E. tirucalli [5].
Groenvelt et al. studied the in vivo synthesis of latex triterpenoids
in defoliated stems of E. lathyris seedlings and in cotyledons [6,7].

‘The most extensively investigated system is the latex of Hevea brasil- v

.iensis which produces natural rubber. Rubber biosynthesié, however,
is a special case of isoprenoid synthesis, both because of the high

molecular weight of the product and because of the steroeochemical
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requirement of cis configuration ébout the double bonds. Lower terpen- .
oids are formed by the cyclization of trans prenyl pyrophoéphates.

Pyruvate, acetate, acetoacetate, mevalonate, HMG;CoA and IPP
all proved to be effective precursors of rubber in Hevea latex. HMG-

CoA was reported to be‘the best substrate for rubber synthesis [8,9].
Hepper and Audley suggested that the reduction of HMG-CoA to MVA is
the fate limiting step in rubber biosynthesis; this step is also con-
sidered important in the regulation of sterol biosynthesis in yeast
and animals [9,10]:

T%evmajor components of E. lathyris latex are tetracyclic tri-
terpenoids which are stored as triterpenols and as the fatty acid esters
of these triterpenols. These lipids constitute‘SO% of the dry latex |
weight. The triterpenols have been identified as cycloartenol, 24-
methylene cycloartenol, lanosterol and an isomer bf lanosterol [11].

Euphol is sometimes present in trace quantities. The relative amounts

of the_fodr major triterpenoids fluctuate from plant to plant; however,

lanosterol is always the predominant component. The identical triterpenes

are also found esterified to fatty écids. The fatty acid moieties have |
been identified as palmitic, dodecanoic, decanoic and 2,4-decadienoic [12].
Endogenous latex triterpeno]s prgdominate‘over the triterpene esters 2:1.
In addition to the triterpenoids we have isolated another major
1ipid class in E. lathyris 1atex, and identified these as phospholipids.
The fatty acids obtained by hydrolysis of these phospholipics were iden-
tical to the ones isoléted from the triterpene esters; the relative abun-
dance of the various fatty acids was also similar for the two cases. v
2

Inorganics constitute approximately 8% of the dry latex weight. Ca+

. . + .
(7.5%) is the major component, Na and k" are present in lesser' amounts.



Protein is estimated to be 10%0f the dry weight from nitrogen analysis
and protein assays.

This paper reports on several aspects of terpenoid biosynthesis
-in E. lathyris Tatex. Various potential isoprénoid precursors were test-
ed as substrates for terpenoid syhthesis in this system. The kinetfcs
for the formation of the two major classes of triterpenoids, fhe tri-
terpenols and triterpene esters, are described.

MATERIALS AND METHODS

Materials.

Radiochemica]s:A[2-14C] acetié acid, sodium salt (57.5 mCi/mmol);

[1—]4C] isopentenyl pyrophosphate, ammonfum salt (53 mCi/mo])g

D-:U=]4C] glucose (2%5 mCi/mmol); D—[U-]4C] glucose-6-phosphate, sodium - .

23t (302 mCi/mol); 3-hydroxy—3-methy1[3;14C] glutaric acid (56.6 mCi/mo1);

(4]

S;hydroxy—B-methyE[3-34C] glutaryl1CoA (56.6 mCi/mmol); [1-]4C]acetyTwCoA
(55 MCi/mol); L-a—phcsphatidy1cho1ine,'dﬁ [1—]40] palmitoyl (115 mCi/mmo]),
and L-lysophosphatidvicholine [1-]4C] palmitoyl (57 mCi/mmol) were pur—
chased from Amershzm Radiochemicals. [3-]4C] pyruvate, sodium salt -

(20 mCi/mme1); R-{S-EH] mevalonic a;id, triethy]amhonium salt (5.3 Ci/
mmo1); RS—[2—]4C] meva]ono]éctone_(SO mCi/mmol); and [2—3H]'acetic acid,
sodium salt (1.6 Ci/mmol) were obtained from New England Nuclear.

Latex Incubation.

Latex was obtained from 4 to 6 month old greenhouse propagated

Euphorbia lathyris plants by cutting the leafstalks of full grown leaves.

Affer_cutting the petiole with a razor blac the expe]]ed'drops of latex

were. collected and gently mixed. The latex was divided into aliquots

v/
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jmmediately after collection. Typicaj incubations were done by using 200 ul
of latex with 5 mM MgC]z, 3 mM glutathione in all experiments, in addition
to the radioactive precursor, cofactor or buffer. The final volume of the

mixture was between 225 and 240 ul..The incubation was stopped by the

addition of several ml methanol, and, the Tatex was then taken to dryness

underba stream.of nitrogen. The solid residue wasvwéshed with 4 x.2 ml

of water. The water solution was extracted with CHC]B. - The CH013 layer
was analyzed for phospholipids; the water layer tbntained protein and

the tricarboxyiic (TCA) cycle acids;'The residue was extracted with 5 m1
acetone by stirring for 12 hrs at ambient témperathre. The acefone sotu- -
tion was withdrawn and the solid was rinsed with additional acetone.

The combined. extracts were concentrated to a small volume and analyzed

for triterpenoids. The isclation and separation of the various latex

constituents is outlined in Fig. 1.

\

- Analytical Techniques.

Analysis of TCA acids. TCA cycle acids (fumarate, citrate, malate

and succinate) were analyzed by High Pressure Liquid Chromatography (HPLC)

on a 300 x 7.8 mm Aminex HPX-87H cation exchange column purchased from

_ BioRad;,The mobile phase was 0.025 N H2504; detection: UV at 210 nm, -

flow rate: 0.3 ml/min. The individual acids were collected and the radio-
activity was determined by scinti1fation counting. |

Analysis of triterpenoids. The triterpenols were separated from

the,triterpene esters on thick layer silica gel G plates (Analtech);

“eluted with ether:petroleum ether 3:1. Bands from the plates were scraped

into vials and the radfdactivity‘was measured in the gel phase, or eluted

from the silica gel and analyzed further by reverse phase HPLC on 5 u



0DS columns (Altex). Mobile phase CH30H:CH3CN'9O:1O, detection UV at
210 nm, flow rate: 1 m]/min. Two 25 cm columns were coupled to achieve
baseline resolution of the fiye triterpenols. The individual triter-
penoids were collected and the radioactivity was determined by scin-
tillation counting.

Hydro]ysiS'df triterpene esters. Several mg of triterpene esters,

isolated from a thick silica plate, were hydrolyzed with 10% KOH in

MeOH for 12 hrs at ambient temperature. After addition of water and
acidificationthe “triterpenols ahd fatty acids were extracted with
diethyl ethér, The concentrated ether extract was applied to a basic
silica gel plate (Analtech silica gel G with 0.1 N NaOH) and eluted with
diethyl ether:petroleum ether 3:1. The radioactivity in the bands corres- .
ponding to the'triterpenols and fatty acids was determined by scintilla-
tion counting. |

Analysis of phospholipids. TLC of the CHC]3 extract (Fig. 1) on

silica gel G eluting with CHC13:Me0H:H20 (65:25:4) showed three cbmpon;
ents when visualizeg with (NH4)2M604-HCIQ4(Hanes reagent). One of these
components coeiuted with dipa]mitoyl-phosphatidy]tho]ine; the RF of the
other two bands indicated that these were 1ysocomp6unds. The phospho]ipids
were hydrolyzed by the same method as the triterpene esters. The fatty
acids were methylated with BF3—methano1; and the methyl esters were
analyzed by capillary gas chomatography on a 70 m x 0.2 mm ID OV-1

column at 200°%. The identities of the fatty acids were determined by

coelution with standards and by analysis of mass spectra.

e
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RESULTS AND DISCUSSION

Comparison of Different Precursors as Substrates for Terpenoid B1osynthesws

Several potential radiolabeled isoprenoid precursors were tested
as substrates for triterpenoid synthesis in E. lathyris latex. The com-
pardtive efficiency of these substrates is shown in Table I. Pyruvate,
acetate and mevalonate proved to be equa]ly effective substrates in this
system but HMG and HMG-CoA were not utilized at all for terpenoid syn-
thesis. The 1ncorporat1on of acetyl CoAknd IPP was neg11gxb1e The in-
efficiency of these precursors may be attrlbuted to permeab111ty diffi-
culties and thus poor transport to the site of terpenoid synthesis. The
lack of incorporation of HMé;CoA is particularly interesting since this
substrate was observed to be the most efficient.in Hevea latex.

Our finding that mevalonate is transformed into labeled triter-
peras is in contrast to the conclusions of Groenveld et al. [6] who con-

cluded, based on results of experiments with defoliated stems of E. lathyris,

that mevalonate is not utilized in latex tr1terpene synthes1s Furthefmore,

i

the observat1ons made by the same authors that glucose is an efficient pre-

cursor of latex triterpenes is not in agreement with our results (Table I).
The poor incorporation of glucose indieates that glycolysis is not a sig-
}nificant process in tapped latex. The negligible incorporation of glucose -
that we observed is probably due to contamination of the latex with leak-
age from the surrounding cells, an unavoidab]e»circumstance of the tapping
process. It is therefore very ]ikely\that jg_ijg;g1yco1ysis takes place
in the wall 1ining cells of the laticifer, and a g]ycoTytic end product,

such as pyruvate, is transported to the laticifer for terpenoid biosynthesis.



Table 1

Comparison of Precursors for Terpenoid Synthesis

in E. lathyris Latex

.,

Incorporétion represents total terpenoid | v
synthesis (triterpenols plus terpene esters).

Incubations were done on 200 ul 1atéx, with

Mg*2 (5 mM), glutathione (3 mM) at pH 5 for

24 hrs. Maximum incorporation is 2 nmoles of

carbon* in 24 hrs; Blank experimenfs were per-

formed on boiled latex.

Przcursor | Relative Precursor - Relative

| Incorp. Incorp.r

Glucose ' 4 HMG-CoA 0

Gluccse-6-P 16l HMG ' 0

Pyruvate 100 MVA acid 100

Acetate 100 .MVA lactone 1

Acetyl CoA o2 IPP 3

*  Incorporation is calculated from the specific activity of the pre- | ‘ v

cursor. For the case of glucose and glucose-6-P the correction

was made for carbon atoms not utilized in terpenoid biosynthesis.
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" Incubation of Radioactive Phospholipids

Neither the fatty acid moiety of the triterpene esters, nor the
phospholipids are 1abe]ed when radioactive acetafe or MVA are incubat-
ed in latex. Thus de novo fatty acid biosyhthesis does not take place
in 1etex in vitro. ) |

The source of fatty acids for.triterpene ester synthesis are phos-
pholipids. When 1-[]4C]pa1m1'toy1phosphat1'dy1ch011'ne or di-[1-'4CIpal-
m1toy1phosphat1dy]cho]1ne are 1ncubated in 1atex 1ebe11ng of the fatty
acid mo1ety of triterpene esters occurs. The triterpenols are not label-
ed. In 24 hrs a maximum of 40 nmol of pa1m1t1c acid is transferred from
phospho]ipid to triterpene ester. The lyso compound is the superiof acyl
denor. Transfer fr 1 the di-palmitoyl compound is much less eff1c1ent,
oniy 1 nmo] of fat*v acid transfer was observed.

Incubat1ons of radioactive phospholipids in boiled latex resulted
in a2 %9% reduction in the ]abe11ng of the tr1terpene esters, compared -
to the non- -deactivat=d latex. The acy] transfer from phospho]1p1d to
triterpene estefs is the efore an enzymatic process.

Effect of Cofactors and;pH

The pH of E. Tathyris latex, measured immediately éfter fapping,
varies from 4.5 to 5..Ponsinet and Ourisson have reported that incor-
poration of acetate in E. he]iseogia latex increased with pH, reaching é
Vmaximum at pH 7, and they commented on the anomaly of the inherentHTatex

pH being different from the pH required for maximum synthesis [3]. In E.

lathyris 1étex however we observed no increase in synthesis at pH 7 vs.

pH 5. Above pH 7, even in the presence of reducing agents, the latex turns

black and b1osynthes1s is tota]ly 1nh1b1ted
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No. exogenous ATP or NADPH is needed for terpénoid synthesis in E.
1a£hyris 1atex.,Addition of either of these cofactors in various concen-
_ trations-(3-10 mM) did not stimulate friterpenoid biosynthesis. An ATP
generating systgm must therefore be present in the latex, but since glu- o
cose proved to be such a poor substrate, g]ycolysis is probably not
the source of ATP. However, when acetate is used as a substrate, TCA
cycle acids are iabe]ed In 24 hrs the TCA acids have 1/3 to 1/2 of the
radioactivity contained in the terpenoid fraction. The observed TCA
cycle activity indicates that mitochondria are the energy source of
terpenoid biosynthesis in vitro.

Rates of Triterpenoid Synthesis

The rates of triterpenol and fkiterpene ester synthesis in a dual

labz] experiment Trom 5—3H-MVA and 2~]4

C-acetate are shown in Fig. 2.
Accroximately 50% of the synthesis is completed within 6 hrs. In-24 hrs
the radioactivity in triterpene esters is five iimes.that in the triter-.
ercls in this ﬁase; results of several other 20-24 hr incubations confirm
that radioactivity of the triterpene esters is always higher than that -
of the triterpenols. The ratios vaky from 10;1 to 5:1. The overall rate
of synthesis'pf the trfterpene esters from both acetate and mevalonate
. are considerably greater than those of the triterpeno]é. This pattern
is reproduéib]e; it is also observed in time course experiments with .
acetate only as the substrate. At the earliest time point shown in
Fig. 2 (15 min) both the triterpenols and the triterpene esters are ¥
equally labeled when meva]onate is the substrate, whereas the incorpor-
ation into triterpene esters is already twice that of the triterpenols

when acetate is the precursor. Fdrther analysis of the triterpenol

fraction by HPLC showed that all of the individual compounds that com-
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prise this set are labeled at 15 min; the rates for all five triterpen-

ols are linear between 15 min and 6 hrs with 24-methylene cycloartenol
showing the fastest rate and euphol the slowest (data'not shown).

To further e]aboraté the_initia] rétes of terpenoid synthesis.in
this system, the inéorporat%on of MVA and acetate up to 12 min was in-
vestigated. At thesé very-ﬁhort inéubation times 6n1y 3H—]abe]ed sub-

14

strates can be used, because even carrigf free 'C label is below

"detection limits. The initial rates of terpenoid synthesis from 5-3H-

MVA and 2—3H-acetate are shown in Figs. 3 and 4, respectively. These

. experiments were done on different latex samples. Therefore, the data

of Fig. 2 and Figs. 3 and 4 cannot bé quantitatively compéred because
of variability of the latex itself. HoWever, the 12 min labeling patterns
shown in Figs. 3 and 4 agree weli with the 15 min data points.of Fig.. 2.
These sets of data afe complementary, and together they describe Tatex

terpenoid synthesis in 24 hrs, including the initial rates. As shown

~in Fig. 3, the rates of triterpenol and triterpene ester syntheses from

MVA are equal {within experimental error); at the earliest time point in
this experiment (30 sec) they are both labeled. When acetate is used

as the brecursor the rates are not equal (Fig. 4), but even in 15 sec
both the triterpenols and the triterbene esters are labeled.

* The behavior of the triterpene esfer and triterpenol synthesis rates
from both MVA and acetate indicates independent paths of'formation.for
these two sets_of compounds. Significantly, we do not observe any delay
in the synthesis of either the triterpenols or their.esters, which would

be expected if either set served as the precursor of the other. The con-



-12-

clusion that triterpenol and triterpene ester synthesis take ~place inde-
pendently - is supported by experiments in which radioactive
triferpeno] or triterpene esters were reinlcubated in fresh latex. No
.interconvenfion of these occurred. However, the possibility cannot be
ruled out that in the reincubationtexperiments the terpenoids did not

reach the site of the putative esterification or ester hydrolysis.

Effect of Osmolality in Triterpenoid Synthesis'

The results of our kinetic data indicate separate sites of synthesis
 for triterpenols and triterpene esters in this latex. The observed selec-
tivity in precursof uti]ization‘imp1iés that the transport of the precur-
sor.is an essential and important process in triterpenoid biosynthesis

in this system. To date, no specific organelle (microbody) has been im-
p?itéted in latex terpenoid synthesis, but we observed a marked‘decrease
in Liosynthesis on di!ution of the latex. This effect of dilution as

well as the effect of varying osmolality on terpenoid synthesis are
shown in Fig. 5. Triterpene ester synthesis is significantly influenced
by the change in osmolality whereas the triterpenol synthesis is affect-
ed to a lesser degree. Apparently the site of synthesis of triterpenols
is not as osmotically sensitive.

CONCLUSION

Euohorbia lathvris latex utilizes isoprenoid precursors for triter-

penoid biosynthesis selectively. Radioactive acetate is incorporated
into the triterpenoids and the TCA acids, but not into the fatty acid
moieties of triterpene esters and phsopholipids. Therefore, de novo

fatty acid synthesis does not take place in E. lathyris latex in vitro.

However, we have demonstrated that phospholipids are the acyl donors for
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the triterpene esters. The observed kinetié behavior for the initial
rates of trife}penol and triterpene ester formation indicates separate
sftes of synthesis fof.these two sets of compounds. The conclusion that
triterpenol and.triterpene ester-biosynthesis are independent processes
is supported by the observatfon that the initia]vratés do not‘shOW'any
de]ay.for.either set, which would be expected if one was thevprecufsor
of the other. In addition, the reincubation of radioactive triterpenols
or triterpene ester did not result in their interconversion, indicating
the esterification or ester hydrolysis is.ndt the pathway for the forma-
tion of the triterpenols: and the triterpene esters in this system.

The Se1e¢tivity in precursor utilization shown ih Table I indicates
that transpdrtfsubstrate through a memgrane is an.impdrtant'aspect of
térpenofd biosynthesis in E. lathyris latex. Electron micrograph studies
of Hevea laticifers revealed the presence of mitochondria. as well as

twe membrane-bound microbodies, the lutoids and "Frey-Wyssling" par-
ticias []3]. Whether either of these organelles has any function .in

terpenoid synthesis in Euphorbia latex is not known, but is qndér in-
vestigation. Our recuyits of terpenoid synthesis in E. lathyris latex

do inditate that this latex is not just a dilute cytoplasmic medium but
it represents an organized.system in which orgahe11es may pfay an impor;
tant role. Compartmentalization of terpenoid synthesis in latex is a
reasonable model, and this may be an important feature of the regulatory
mechanism of terpenoid synthesis in laticifer cells.
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FIGURE CAPTIONS

Fig;
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- Fig.

Isolation and separation of Euphorbia lathyris latex

constituents

14

Time course incorporat{on of 5-SH-MVA and 2-'%C-acetate

into latex terpenoids ]40 triterpenols,
3H triterpenols, =— ——— ._140 triterpene
esters, ...... 3H triterpene esters. Incubations were

done on 175 ul a]iquots'ofllatex with glutathione (10 mM),

MgCl, (4 mM), 30 uCi 5->H-MVA (5.3 Ci/mmole) and 3 yCi

)14

C acetate (57 uCi/mmole).
Incorporation of 5-3H-MVA into latex terpenoids.
O—L triterpene esters, 0—0 triterpéno]s. Incubations

were done under the same conditions as Fig. 2.

~ Incorporation of 2-3H-acetate into latex terpenoidSL
€—@ triterpenols, 0—0 triterpene esters. incubations
_were done under the same conditions as in Fig. 2.

Effect of dilution and changing osmolality on terpenoid

synthesis from 2—3H—acetate in Euphorbia 1afhyris

latex. Acetate concentration: 0,37 mM (22 uCi), tenfold

dilution.
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